Abstract. The aim of the study is to identify the effect of Ca in Mg-Mn alloy on electrochemical corrosion behavior for the development of high performance sacrificial anode. Mg alloys were fabricated by casting technique under an inert atmosphere. 0.35 ~ 1.11 wt.% of Ca were added as alloying element. The finding shows that the addition of small Ca in Mg-Mn anodes was found not significantly affecting the corrosion rate. However, small content of Ca was as much as necessary improving electronegativity of open circuit potential and modifying anodic polarization in promoting the instabilities of surface passive layer hence results in the further dissolution process between ion and alloy species underneath. No passivation occurs on the standard samples. Pitting profile only occur on Mg-Mn anode that has lower Ca content (0.35 wt. %). An XRD result shows no present of Mg 2 Ca phase on the as-cast anode containing 1.11 wt. % Ca. As a conclusion, the influence of small content of Ca was profoundly modifying electrochemically behaviour of Mg containing Mn anodes except corrosion rate.
Introduction
Magnesium (Mg) was widely used galvanic anode material for the protection of pipelines and other buried structures because its inherent negative potential and high current output per unit weight was desirable [1] . The use of Mg anodes suppresses corrosion and thus decreases leaks in pipelines and vessels, contribute both to increase safety and conservation of resources. There were several factors affecting the anode's performance. The facts of accepted levels for anode performance typically must be above -1.70 VSCE and 50% of open circuit potential (OCP) and current efficiency respectively were rarely achieved [2] . To suit with the 'accepted level, the effect of alloying elements was believed an important factor in determining their OCP and current efficiency [3] . In the previous study, Kim et al. [4] , reported that 0.22 wt.% calcium (Ca) was found resulted in the utmost OCP and current efficiency. However, in the preliminary experiment, Mg alloys just resulted nearly -1.65 V SCE of OCP, slightly lower efficiency (<50%) and high corrosion rate. In this work Ca was chosen for further investigation on the Mg-Mn alloy performance as a sacrificial anode. The paper is geared towards studying the effect of small quantities of Ca on the electrochemical behavior of Mg containing 0.35 wt. % Mn anodes.
Method
The alloys required for this study were prepared by gravity casting techniques of pure Mg together with the required amount of Mn and Ca (Mn content was fixed to 0.35 wt. % nominal composition). Pure Mg (PMg) and commercial high potential Mg anode (HPMA) were set to be reference samples. Chemical compositions of the samples were analyzed by analyzed by the optical emission spectrometer (Q8 Magellan, Bruker AXS, Germany) and WDXRF (S4 Pioneer, Bruker AXS, Germany) respectively and their results were shown in Table 1 . 2 ) in 1000 ml distilled water was prepared according to ASTM G97. OCP measurements were recorded for 22 hours by ACM Gill AC potentiostal/ galvanostat while Tafel extrapolation and potentiodynamic polarization tests were performed by Gamry G300 potentiostat/ galvanostat at room temperature and pH 7 after steadystate conditions were achieved. For Tafel extrapolation plot, the working electrode potential was scanned at ±250 mV vs E corr for 0.5 mV/s scanned rate. The potentiodynamic polarization uses a potential scan from -500 mV vs E corr to +1500 mV vs E corr at 1 mV/s scan rate. The curves were automatically plotted by Gamry Analysis software.
Results and Discussion
The variation of OCP curves of as-cast Mg-Mn containing Ca anodes compared with pure Mg (PMg) and commercial high potential Mg anode (HPMA) was illustrated in Figure 1 (a). Overall curves displayed a fairly propagation toward the nobler position (electropositive) heading towards the immersion period. This occurrence was caused by the passive film which predominates on the metal surface was thickening based on the immersion period affects the reduction of OCP. As shown therein, the OCP of both as-cast Mg samples were more electronegative in comparison to PMg and HPMA respectively. The difference in the thickness, morphology and electrical resistance characteristics of passive layer on Mg alloy surface may cause the difference of OCP due to difference alloy's chemical composition. In this situation, nobler propagation of OCP occurred in Mg samples with no addition of an element was believed results a more stable form of the oxide layer on the anode surfaces. Figure 1 (a) also exhibits an as-cast Mg alloy which contains lower Ca (MgMn-0.35Ca) results more electronegative in comparison to MgMn-1.11Ca alloy. The present Ca was found promotes the instability of the passive layer. Minor element Ca was as much as necessary provoking the breakdown of the passive layer hence results in the further dissolution process between ion and alloy species underneath. On the other hand, the addition of the external elements also affects to the local galvanic action of Mg alloy, which may come from impurities, especially heavy metals such as Fe, Cu, Si, Mn and Zn (Table 1) .
Advanced Materials Research Vol. 795 531 Conversely, in this current experiment, the present of Ca in Mg matrix gives a suggestive effect where the interaction produces Mg 2 Ca precipitates. This precipitate was known electrochemically cathodic in the Mg matrix as stated by Kim & Kim [4] . The potential of second phase Mg 2 Ca precipitate (cathode) is more positive than that of the α-Mg matrix (anode), which establishes a microgalvanic cell. The electronegative potential value of Mg was exploited to protect this Mg 2 Ca precipitate. Thus, the increment of Ca content results in the higher tendency of the local galvanic corrosion. For this reason, the electronegative potential of Mg was reduced accordingly to minor content of Ca. The similar opinion was also reported by several groups of researcher [2, 3, 4, 6] . Tafel extrapolation was used to determine the corrosion rate of Mg samples was shown in Figure 2 . Corrosion current density (I corr ) and corrosion rate and were automatically extracted from Tafel extrapolation curves as summarized in Table 2 . Both results (Figure 1(b) and Table 2) show that the addition of Ca into Mg alloy has not significantly affected the corrosion rate. However, it was proven that the lower minor content of Ca results in the lower corrosion rate as displayed in Table 2 . The higher corrosion rate for Mg-Mn containing higher content of Ca was enforced by the local galvanic effect as a result of cathodic effect in the present of Mg 2 Ca precipitates in the matrix as stated by Kim & Kim [4] earlier. Surprisingly PMg shows the lowest corrosion rate in comparison to HPMA and both as-cast Mg anodes. However, no matter what happen, the difference of corrosion rate in this experiment was practically not giving a significant effect on the overall corrosion rate of Mg sacrificial anodes.
In order to investigate the properties of the passive films formed on the surface, the samples were tested for potentiodynamic anodic polarization in CaSO 4 -Mg(OH) 2 solution. This electrolyte simulates the long term environment around the anode installed in the gypsum-bentonite-sodium sulfate backfill which were practically buried in soil. The result was shown in Figure 2(a) . Under strongly oxidizing conditions or high anodic polarizations, Mg matrix would be in a passive state in this electrolyte due to the formation of an oxide/ hydroxide surface layer. At this condition, Ca, Mn and other impurities elements of the Mg samples were also in the passive state. During testing, as the potential departs from polarized corrosion potential (E corr ) to more positive values, all the alloys evolve under an activation controlled process. As the potential becomes nobler, the current density increases to levels corresponding to critical current (i crit ) and enters in a range of diffusion controlled kinetics. As the corrosion products accumulate on the surface, the area available for the anodic reactions decreases thus limiting the current generated in the process. The depletion at the surface of species necessary for the cathodic reaction means that they can only proceed at a rate controlled by the diffusion coefficients, also limiting the corrosion process. As shown therein (Figure 2 (a) ), as the potential increased from the E corr , so the current increases according to the normal dissolution behavior until a primary icrit. At this point, all samples begin to exhibit their potential for passivation and initiate developing a very thin passive film on the anode surface. The different of i crit occur on all Mg anode samples shows the different properties of the passivation formed on the samples' surface (whether a layer of oxide and/or hydroxide) in their capabilities to stop interaction ion and alloy species underneath. In this experiment, it was clearly shown that both as-cast samples display the lower potential of passivation. In particular, Mg-Mn anode containing lower content of a (MgMn-0.35Ca) characterized as lower passivation on its alloy's surface. This statement has some relationship with the OCP result where the present of lower Ca was sufficient causing instability of passivation. No pitting potential (E pitt ) was detected in this electrolyte in the anodic branches of the polarization curve, except for MgMn-0.35Ca alloy where E pitt was visible to potential values nobler than the E corr at the end of testing. Theoretically, the increasing of Ca's content leads to a significant pitting corrosion due to the local galvanic effect as stated earlier. However, this case was contrary to the theory that shows the lowest Ca content has a quite clear pitting profile on polarization curves as stated above. This fact seems to challenge not only basic electrochemical theory, but also experimental findings where the lowest Ca element to Mg alloys provokes pitting corrosion rather than other Mg alloy samples that have more content of Ca as shown by MgMn-1.11Ca. Additionally, it was expected that PMg effects lower i crit compared to HPMA. However, surprisingly that HPMA exhibits lower primary i crit then PMg. Theoretically, icrit for HPMA should be higher than MgMn-1.11Ca anode since pure Mg establishes an oxide/ hydroxide surface layer which promotes the stable passivation as reported by Song & Atrenj [6] . It was not well understood but one of the most relevant explanations was it may believe pursuant to the absent of Ca in HPMA alloys. Addition of small content of Ca may probably contribute to the instability of the passive film on the anode surface.
The second phase (Mg 2 Ca precipitates) cannot be detected by XRD as shown in Figure 2 (b). It's believed that the presence of Ca effect (whether in the form of second phase or any isolated element in the matrix grain boundary) was existed at below than 0.5%, which was unable to be detected by XRD instruments even in slower scanning rate. However, the effect of this particular phase/ element significantly influenced the electrochemical behavior of Mg-Mn anode samples.
Conclusion
The small addition of Ca was significantly affecting the electrochemical behavior of the Mg containing Mn anode especially in OCP and potentiodynamic polarization. The addition of minor content of Ca was as much as necessary improving electronegativity of OCP and anodic polarization in provoking the instabilities passive layer hence results in the further dissolution process between ion species and underneath's surface of alloys. Additionally there was no significant effect on the corrosion rate and no Mg2Ca precipitates that can be detected by XRD, however the influence of small content of Ca was found profoundly effecting the electrochemicall behaviour of Mg containing Mn anodes.
